Metformin has shown its effectiveness in treating obesity in adults. However, little research has been conducted in children, with a lack of attention on pubertal status. The objectives were to determine whether oral metformin treatment reduces BMI z score, cardiovascular risk, and inflammation biomarkers in children who are obese depending on pubertal stage and sex.
Overweight and obesity in children are the most challenging health problems to address. 1 Obesity plays an important pathophysiologic role in the development of insulin resistance, dyslipidemia, and hypertension, leading to type 2 diabetes mellitus (T2DM) and a risk of early cardiovascular disease. 2, 3 For pediatric patients, several investigations have confirmed that an intensive lifestyle intervention can increase weight loss and insulin sensitivity and reduce the risk of developing T2DM. 4 Nevertheless, a single-strategy lifestyle intervention is not always effective. 5 In addition, efforts have been made to identify effective and safe drugs to manage pediatric obesity. Metformin is an oral antihyperglycemic agent approved by the US Food Drug Administration to treat T2DM in adults and children aged >10 years; it is considered a first-line agent in T2DM by the European Medicines Agency. Significant weight loss induced by metformin has been shown in adults who are obese with or without T2DM. 6 Metformin also produced a decrease in the cardiovascular risk profile 7 -10 and inflammatory biomarkers. 7 -14 Nevertheless, evidence regarding the effects of metformin in pediatric obesity is scarce. According to a systematic review and metaanalysis, 15 a reduction in BMI due to metformin compared with the effects of lifestyle interventions alone from 6 to 12 months has been reported in children who are obese. Seven studies have evaluated the effects of metformin (1000-2000 mg/d for 3-6 months) on such conditions related to obesity in children and/or adolescents who are obese, 16 -22 with some promising results obtained. However, randomized controlled trials (RCTs) on this topic did not show an adequate and separate distribution in the study design according to prepubertal and pubertal children. Puberty might act as a potential modifier on the effect of metformin in childhood. Thus, it seems useful to stratify randomization according to Tanner stage and sex to avoid large imbalances between groups in linear growth velocity and other factors associated with pubertal maturation that may affect changes in BMI. 5 We therefore designed an RCT to determine whether metformin would have an effect on reducing the BMI z score and improving cardiovascular and inflammatory risk biomarkers in children who are obese and to assess whether this effect differed depending on pubertal stage and sex.
MeThods study design
The study was a multicenter investigation, stratified according to sex and pubertal status (40 prepubertal girls, 40 prepubertal boys, 40 pubertal girls, and 40 pubertal boys). Pubertal stage was determined according to Tanner criteria (standards for pubic hair and genitalia growth in boys; standards for breast and pubic hair development in girls) 23 through a physical examination by the pediatric endocrinologists at the beginning and the end of the study. This randomized, double-blind, placebocontrolled trial was homogeneously conducted at 4 Spanish clinical hospitals, as previously described. 24 Children were randomly assigned to receive either metformin or placebo for 6 months. Details of the trial protocol and ethics committees have been previously published in Trials. 24 The Consolidated Standards of Reporting Trials statement has been considered in the report on study design and results, as well as in the abstract and flow diagram.
intervention and Participants
The study subjects comprised 160 patients referred from the Pediatric Endocrinology Unit of the corresponding study centers. Children were invited to participate according to the inclusion criteria described in Table 1 . 24 The data are collected in the pediatric outpatient clinics by dietitians. All participants were provided with standardized healthy lifestyle advice at the beginning of a 1-on-1 session according to recommendations for food consumption frequency following the Mediterranean diet criteria and the practice of physical activity based on the AECOSAN NAOS Strategy's NAOS Pyramid (Ministry of Health of the Spanish Government). 25 The data and samples were codified according to each center and subsequently centralized at the Institute of Nutrition and Food Technology "José Mataix" in Granada, Spain.
The participants were assigned to receive metformin or placebo in 2 At each center, 50% of the children were assigned to each group. All research staff was blinded to both the treatment allocation during the time of the study and the data analysis. The patients were instructed to gradually increase their dosage by taking 50 mg twice daily for 10 days, followed by 500 mg twice daily until the end of the intervention. Both treatments were administered during meals. The participants attended an initial trial baseline visit, followed by 2 additional control visits at 2-month intervals, which comprised the assessment of blood pressure and a physical examination. To assess the safety and tolerance of metformin administration, the primary evaluation criteria were the absence of adverse effects, as previously reported. 24 
outcomes Measures

Anthropometric and Biochemical Analyses
Anthropometry, blood pressure, and serum concentrations of glucose, insulin, hepatic enzymes, and lipids were measured as previously reported. 24 The quantitative insulin sensitivity check index (QUICKI) and homeostasis model assessment for insulin resistance were also calculated. Obesity was defined according to BMI by using the age-and sex-specific cutoff points proposed by Cole et al 26 (BMI greater than the 95th percentiles).
Lifestyle Monitoring
The dietitians at the centers administered a food frequency questionnaire and a physical activity survey to all participants at the beginning and the end of the trial, both of which have been validated and normalized. 24 The data collected in the lifestyle habits questionnaires were evaluated according to the healthy lifestyle/diet (HLD) index described by Manios et al 27 A general linear model for repeated measures was used to determine the outcome changes from baseline to 6 months according to treatment of separated groups of pubertal status (prepubertal and pubertal) and sex (boys and girls). The specific differences between the treatments were assessed by using post hoc Bonferroni tests. The fixed effects included were sex or pubertal stage (according to analysis group), center, adherence, and the time × treatment interaction. Time × treatment × puberty (or sex) were also estimated when a general linear model for repeated measures was applied to the overall population to analyze the different impact of metformin in variables that presented a significant changes versus placebo in one of the puberty and sex groups. The variables that did not influence the analysis were removed from the model to avoid overadjustments. The variables that had to be adjusted for baseline values were assessed by using an analysis of covariance model.
To check the robustness of the results in relation to the effects on BMI z score according to treatment, a logistic regression model was developed, reporting the odds ratio and 95% confidence intervals.
Differences in dose per kilogram of body weight between prepubertal and pubertal children who were obese were assessed by using an analysis of variance model. Possible differences in adverse effects and clinical signs according to treatment were evaluated by using the Mann-Whitney U test, as well as whether adherence differed by treatment in each pubertal stage or sex. Significant changes in the safety parameters (serum creatinine, urea, and liver enzyme activities) by metformin compared with the placebo group were assessed by using an analysis of variance model.
ResuLTs baseline characteristics of the Participants
Of the 160 white children included, 140 completed the study (72 boys, 68 girls); their age ranged from 6.8 to 15.3 years, translating to 67 prepubertal (Tanner stage I) and 73 pubertal (Tanner stages II-V) children (Fig 1) . Twelve participants (7.5%) in the metformin group and 8 (5%) in the placebo group dropped out. Subjects who dropped out were mainly lost to incomplete follow-up (did not attend at the last visit) and/or they were no longer interested in the study. The baseline demographic, clinical, and biochemical characteristics are summarized in Supplemental Table  4 . Children presented with normal fasting blood glucose concentrations according to the International Society for Pediatric and Adolescent Diabetes. In addition, differences at baseline between the intervention groups were found for leptin and γ-glutamyltransferase concentrations in prepubertal participants and for BMI, waist circumference, oxidized low-density lipoprotein, creatinine, and urea in pubertal participants.
Regarding sex, higher values were observed at baseline in the placebo group compared with the metformin group for BMI (30.2 ± 0.7 vs 28.0 ± 0.6; P = .04) and leptin (15.07 ± 1.0 µg/L vs 10.8 ± 1.0 µg/L; P = .003) in boys, whereas soluble vascular adhesion molecule-1 was lower in girls in the placebo group (696 ± 33 µg/L vs 790 ± 33 µg/L; P = .05).
anthropometry, body composition, and Lifestyle Monitoring
Unlike placebo, metformin treatment decreased the BMI z score (P = .04) in the prepubertal group. Moreover, based on a binary logistic regression, the BMI z score was independently associated with metformin treatment (odds ratio, 0.18 [95% confidence interval, 0.050-0.636]; P = .01); therefore, the 6-month metformin intervention led to a reduction in BMI z score in the prepubertal group. Conversely, the other anthropometric and body composition parameters revealed no significant differences between the interventions at 6 months in any pubertal group (Table  2) . No differences were found in the impact of metformin according to the pubertal stage when the interaction time × treatment × puberty was applied to the entire population (P = .41). Concerning sex, there were no differential effects in boys compared with girls (data not shown).
All subjects kept a moderately HLD pattern (second tertile, ranging from 17 to 32 values of HLD index) at all study times. In addition, we observed no difference in behavior for the experimental groups according to pubertal stage and sex across the study.
Glucose, insulin sensitivity, and Lipid Metabolism
Metformin treatment significantly increased the QUICKI in prepubertal children compared with placebo (P = .01) ( Table 2 ); no differences were observed in the impact of metformin according to the pubertal stage when the interaction time × treatment × puberty was applied to the entire population (P = .47). There was no evidence of significant differences in other insulin sensitivity markers at 6 months in either the prepubertal or pubertal group, regardless of treatment. The lipid profile did not change throughout the intervention in any treatment group. Data stratified according to sex exhibited no differences between treatments (data not shown).
inflammation and cardiovascular Risk biomarkers
After the intervention, the prepubertal group exhibited decreased IFN-γ and tPAI-1 concentrations in patients in the metformin group compared with those receiving placebo (P = .02; P = .04, respectively) ( Table 3 ). Leptin and adiponectin concentrations did not change over time in either group; however, the ALR increased in prepubertal children after metformin treatment versus placebo (P = .01). Furthermore, pubertal children did not show any changes at the end of the trial in the metformin group versus the placebo group.
Neither ALR, tPAI-1, nor IFN-γ exhibited a different impact of metformin according to the pubertal stage when the interaction time × treatment × puberty was applied to all the population (P = .07; P = .14; P = .06, respectively).
Regarding sex, boys had an increased ALR after metformin treatment versus placebo (baseline, 1.0 ± 0.1 to 6 months 1.7 ± 0.2 by metformin vs baseline 0.7 ± 0.09 to 6 months 0.9 ± 0.2 by placebo, P = .04), but girls only showed a trend (0.7 ± 0.09 to 1.2 ± 0.1 by metformin vs 0.7 ± 0.09 to 0.9 ± 0.1 by placebo; P = .08). For the remaining outcomes, we observed no differential effects in either sex (data not shown).
safety, adherence, and doses
Metformin was generally well tolerated. None of the subjects had to stop the intervention because of serious adverse events. Both experimental groups reported having diarrhea (13% in the metformin group, 9% in the placebo group). Lactic acidosis was not reported in any participant. There were no significantly different changes in any safety parameters between the metformin and placebo groups. The clinical signs did not differ at the end of the intervention in any treatment group.
Adherence was measured by using the following formula: ([pills ingested − pills returned]/pills predicted) × 100. Good adherence to treatment was reported in most participants (89% ± 1%). In terms of doses, all patients received 1 g/d of medication, independent of weight. Considering the different effects of metformin according to pubertal stage, we considered it appropriate to calculate the doses per body weight of each patient. Thus, prepubertal children took 19.6 ± 0.74 mg metformin/kg body weight versus 13.4 ± 0.38 mg/ kg taken by the pubertal children (P < .001).
discussion
In the present RCT, we recorded a significant reduction in BMI z score after 6 months exclusively in prepubertal children who were obese treated with 1 g/d of metformin, even with no significant improvement in lifestyle according to the HLD index of Manios et al. 27 Metformin has previously been found to be efficacious in childhood obesity, especially in reducing BMI z score,
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Flow diagram of participants. PB, pubertal boys; PG, pubertal girls; PPB, prepubertal boys; PPG, prepubertal girls.
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A lack of effect of metformin in the pubertal children who were obese might be related to the lower doses used for these subjects (milligrams of metformin per kilograms of body weight), providing dose-dependent efficacy according to body weight. Reviewing the literature, only Mauras et al 21 divided metformin doses into 1000 mg/d for those aged <12 years and 2000 mg/d for those aged ≥2 years; however, their sample size was small, and no differential responses were observed according to the pubertal stage. Nevertheless, we cannot exclude the fact that the failure of a metformin effect in pubertal children could also be due to the physiologic and hormonal changes in that stage. Indeed, puberty is associated with a marked decrease in insulin sensitivity, 33 and an insulin-sensitizing therapy would therefore have to be increased proportionately to observe a similar effect in prepubertal children. Accordingly, future RCTs should consider higher doses of metformin for adolescents to obtain a beneficial effect, taking into account the maximum dosing described for youngsters aged 10 to 16 years (2000 mg/d). 34 Regarding the lipid profiles, no significant changes occurred in any pubertal group. Three studies have shown an improvement in some lipid parameters in pubertal subjects who are obese. 17, 35, 36 However, no changes were observed compared with the placebo intervention by many other studies in patients both prepubertal and pubertal who were obese, 18, 21, 22, 30, 37 nor were there any changes in pubertal population only. 16, 20, 29, 32 Hence, the evidence is still unclear and seems to depend on the presence/absence of dyslipidemia. 38 Furthermore, metformin is considered as an insulin sensitizer, with its pleiotropic actions, and it exerts protective effects on multiple organs, mainly in insulin-targeted tissues such as liver, muscle, and adipose tissues. 39 In the current study, QUICKI, considered for years as an optimal method of determining insulin sensitivity in subjects who are obese, increased only in the prepubertal children. One previous RCT assessed the changes in QUICKI according to a metformin intervention for 6 months in an experimental group comprising both prepubertal and pubertal children who were obese, but no effects were obtained. 22 Moreover, a significant increase has only been shown to date in pubertal children who are obese. 32, 36 A significant improvement in the ALR was observed in the prepubertal children after taking metformin. The ALR is considered a potential surrogate marker for cardiometabolic disease. 40 Similar results have been reported by previous investigators in children 22 and adolescents who are obese. 17, 22 However, we found no effects of metformin on plasma adipokine levels. In reviewing previous studies of subjects who are obese aged 4 to 19 years, levels of adiponectin did not change during the metformin intervention compared with placebo, 16, 17, 19, 20, 22 neither did leptin levels, which were found to be decreased only in 2 studies. 32, 35 Freemark and Bursey 32 reported a decrease in pubertal girls who were obese but not in their male peers.
A variety of proinflammatory mediators associated with cardiometabolic dysfunction are known to be influenced by childhood obesity. 22 We have reported for the first time a decline in INF-γ plasma concentrations after metformin treatment over 6 months in prepubertal children who are obese only. There are no studies to date in humans that assessed changes in INF-γ in subjects who are obese. However, it has been reported that metformin exerted its immunosuppressive effect by inhibiting the expression of proinflammatory mediators as IFN-γ both in a macrophage cell line (RAW267.4) and in animal models of multiple sclerosis. 41 This finding may be interesting enough to warrant investigation of other actions of metformin pathways. Similarly, tPAI-1 is a principal physiologic inhibitor of fibrinolysis and a relevant marker of inflammation and prothrombosis. 42 Thus far, only Mauras et al 21 have evaluated the effects of metformin on tPAI-1 concentrations, and they observed no changes by metformin and no differences according to pubertal stage. The current RCT is the first study to report an influence of metformin on tPAI-1 reduction in pediatric patients who are obese and only in the prepubertal group. CRP was not modified in the current study in either pubertal group after treatment. Dr Pastor-Villaescusa was responsible for all the data and sample collection, as well as for the development of the food frequency questionnaire (FFQ) and a physical activity survey in Granada; she also wrote the manuscript; Dr Cañete designed the study, performed the data and sample acquisition, and administered the FFQ and a physical activity survey to all participants in Reina Sofía Hospital (Córdoba); Dr Caballero-Villarraso designed the study and obtained grant funding; Mr Hoyos was responsible for child recruitment and randomized controlled trial (RCT) management in the Virgen de las Nieves university Hospital (Granada); Ms Latorre and Dr Vázquez-Cobela performed the data and sample acquisition and developed the FFQ in the Lozano Blesa university Hospital (Zaragoza) and in the Clinic university Hospital of Santiago (Santiago de Compostela), respectively; Dr Plaza-Díaz collaborated in the data analysis, as well as its interpretation and discussion; Dr Maldonado was responsible for, and coordinator of, child recruitment and RCT management in the Virgen de las Nieves university Hospital (Granada); Drs Bueno and Leis were responsible for, and coordinator of, child recruitment and RCT management in the Lozano Blesa university Hospital (Zaragoza) and in the Clinic university Hospital of Santiago (Santiago de Compostela), respectively; Dr Gil designed the study and obtained grant funding, was involved in the data interpretation and discussion, and reviewed and edited the manuscript; Dr Cañete is the trial promoter, designed the study, and obtained grant funding; and Dr Aguilera created the sampling and analysis protocols, supervised the data collection, was involved in the data interpretation and discussion, and critically reviewed and edited the manuscript. All authors read and approved the final manuscript and take full responsibility for the manuscript content. 
